Introduction
The Korea Superconducting Tokamak Advanced Research (KSTAR) tokamak achieved the first plasma on the last day of June 2008 at the National Fusion Research Institute (NFRI), Daejeon, Korea [1] . The diagnostic systems played an important role to achieve successfully the first plasma operation for the KSTAR tokamak. The basic diagnostic systems for the first plasma gave the plasma current, loop voltage, vacuum vessel eddy current, line integrated density, impurity signals including Hα, and electron temperature which are essential for the plasma generation, control, and physics understanding [2, 3] .
Under long-pulse operation (≈ 5 sec) of KSTAR, auxiliary heating can cause both engineering and physics related concerns. The protecting graphite tiles of KSTAR can be damaged due to intense localized heating load under these conditions, and the particles from the tiles can affect plasma boundary. For this reason, infrared measurement has become important for monitoring thermal loads on ICRH antenna, inner walls, NBI armors, and divertor. infrared imaging system provides information on excessive temperature of component or power deposition profile. This infrared measurement has a function in both protection/control and evaluation/optimization [4] [5] [6] [7] .
A schematic diagram of the infrared imaging system and the midplane of KSTAR are shown in figure 1. KSTAR has a cryostat for the superconducting magnets so that the port structure of its vacuum vessel is complicated and relatively long, which is different from many existing tokamaks, and needs a long reentrant cassette for the installation as shown in figure 1. For this reason, the periscope is inevitable for infrared imaging system, and it need to be designed with consideration of limited space and limited accessibility. In this article, the optical design of the periscope is focused on.
System requirements
The KSTAR infrared imaging system was modelled in 3-D to optimize the imaging design characteristics. With the examination, the half field of view (FOV) was chosen to 29 • as shown in figure 2. The overall length of the periscope needs to be more than 2.5 m considering its cassette length, and the maximum lens diameter is 150 mm due to space constraints. FLIR SC6000HS was already chosen as the infrared camera. Its resolution is 640 × 512 pixels, and it has 125 Hz of a maximum frame rate, 3 ∼ 5 µm of a spectral range. It is also equipped with the camera lens module which has 11 • of half FOV, 50 mm diameter of input pupil and 100 mm of focal length.
Calcium fluoride (CaF 2 ) as lens material for the periscope is chosen due to its high transmissivity over a broad spectral range and its resistance to attack by most acids and bases. Its optical property over the infrared spectral range is still same even after radiation exposure [8] [9] [10] .
In the design, a small input pupil was adapted to minimize the effects of neutron radiation and heat flux since the signal level for the IR imaging system is supposed to be high. The shape of lenses and the thickness are respectively set to be spherical and less than 35 mm to simplify fabrication. A mirror was inserted at the end of the periscope due to space constraints.
Optical Design
In the lens designs, Code-V [11] was used. The lens design usually starts with an open patented design in the same applications. However, no applicable design had been easily found in periscope applications of the Code-V database. So, the design started from the ground. The periscope design was set up to have 3 functional parts (input beam shaper, beam deliverer, output beam shaper). Normal incident input beams are most desirable for their delivery. Thus the input shaper plays a role to make incident beams normal to exit beams. And the exit beams are delivered to the last part of the periscope by the beam deliverer. Then, the output beam shaper makes the delivered beam acceptable to the infrared camera. Each part of the periscope was designed individually, and the parts were assembled with lens modifications. And the totally assembled design including the infrared camera was tuned to get optimized. Due to the lack of detailed camera specifications, the infrared camera was set to be a virtual perfect lens with 11 • of half FOV, 50 mm diameter of input pupil and 100 mm of focal length.
The initial input beam shaper was designed as shown in figure 3 . The input beam diameter was set to be 5 mm for radiation protection. The Calcium fluoride (CaF 2 ) adapted as a lens glass has relatively low refractive index and a difficulty in highly curved shape of the fabrication. Thus 3 lenses were inevitable in the design of the input beam shaper. The beam position at the image was set not to exceed 70 mm radially due to 150 mm of the maximum lens diameter. 4 identical lenses were used in the design of the beam deliverer. At first, the beam deliverer was designed without any other part. Then, the input beam shaper and the beam deliverer are assembled, and the minor shape tuning was taken as shown in figure 4 . The reverse model of the input beam shaper was used as a start model for the output beam shaper. The assembled design including the output beam shaper was tuned to make the output beam acceptable to the infrared camera as shown in figure 5 . Close lenses were replaced with a single lens, and the lens shapes and the distances between lenses were tuned to maximize performance as shown in figure 6 . The 7 th lens from the input pupil plays a dual role as the deliverer and the output beam shaper as shown in figure 6 . In the performance check, modulation transfer function (MTF) and television distortion are mainly examined.
Final Design
After several tuning steps, the final design was derived as shown in figure 7 . The final design has also the 3 functional parts as shown in figure 7 . A mirror needs to be inserted at the end of the lens set for the infrared camera installation. For this reason, the gap between the last lens and the infrared camera is elongated as shown in figure 7 . The detail lens information of the final design is listed on table 1. The effective focal length (EFL) of the final design, the entrance pupil, the overall length, and the f-number are respectively 19.07 mm, 5 mm, 2700 mm, and 3.81 mm. For its performance check, MTF and television distortion are mainly examined. These two specifications are the most important estimators of imaging performance. MTF represents optical -5 -2012 JINST 7 C02041 resolution of an optical system, and television distortion represents the uniformity of magnification over an image area. The MTF curves and the television distortion graph of the final design are respectively plotted on figure 8 and figure 9 . In the MTF curves of figure 8 In the MTF calculations, weights of wavelengths range of 3 ∼ 5 µm are equally assigned to 1.0. The lens shapes of the final design are derived to get higher than 0.3 of MTF level at the spatial frequency of 8 as shown in figure 8 , and they are designed to get less than 10 % of distortion at 1.0 field as shown in figure 9 .
Before the fabrication of the final design, the mechanical design and its installation are checked in 3D modelling as shown in figure 10 . The final design with 9 lenses and mechanics are fabricated as shown in figure 11 . Considering the working environmental condition, each lens is installed without any adjustment device. The performance degradation caused by the fabrication error or its installation is set to be controlled by focus adjustment of the lens module of the infrared camera. The image captured through the periscope and the infrared camera is shown in figure 12 . The infrared imaging system for KSTAR can provide information of heat flux and thermal loading during plasma operations.
Summary
KSTAR needs to get information on excessive temperature of component or the power deposition profile with infrared imaging. Because of the KSTAR cryostat for superconducting magnets, a long reentrant cassette is inevitable. For this reason, a periscope is required for the infrared image camera. FLIR/ThermoVision SC6000HS as an infrared camera was chosen. The design of the periscope is functionally divided into 3 parts (input beam shaper, beam deliverer, output beam shaper). 9 lenses of CaF 2 are used in the final design. The periscope has a small input pupil of 5 mm to avoid damage caused by neutron radiation. The design has a less than 10 % distortion at 1.0 field and more than 0.3 of MTF at 8 cycles/mm or excessive thermal flux. The periscope has 2.7 m of overall length, 19.07 mm of focal length and 3.81 of f-number. The fabricated periscope is assembled to the infrared camera with its own lens module. The infrared imaging system works to monitor the thermal loading of KSTAR.
